The purpose of the study was to investigate the sign-dependent response to real and simulated spherical defocus on the visual acuity under monochromatic light conditions. The investigation included 15 myopic participants with a mean spherical equivalent error of −2.98 ± 2.17 D. Visual acuity (VA) was tested with and without spherical defocus using the source method (simulated defocus) and the observer method (lens-induced defocus) in a range of ± 3.0 D in 1.0 D steps. VA was assessed using Landolt C's, while the threshold was determined with an adaptive staircase procedure. Monochromatic light conditions were achieved using band pass filters with a wavelength of 450 ± 2 nm, 530 ± 2 nm and 630 ± 2 nm. Results showed that the reduction of VA was significantly different under blue lighting conditions, when compared to the green and red light conditions. No significant difference in the reduction of the VA was found between the positive and the negative sign of defocus for all lighting conditions. The agreement for the VA between the source and observer method was significantly dependent on the wavelength as well as on the level of defocus. To conclude, under monochromatic light conditions, myopes show a symmetric sign-dependency regarding the influence of spherical defocus on visual acuity. The observed results indicate that the human visual system is capable of integrating the chromatic differences in refraction to distinguish between the signs of defocus.
Introduction
The assessment of subjective visual performance, e.g., visual acuity or contrast sensitivity, in the presence of optically induced aberrations is a widely studied measure and applied in every assessment of the subjective refractive error (Benjamin, 2006) . It could be used for example, to judge the goodness of an optical correction (Hayashi, Hayashi, Nakao, & Hayashi, 2000; Kasper, Bühren, & Kohnen, 2006; Lundstrom, Gustafsson, & Unsbo, 2007) , to gain deeper insights in the understanding of the visual system (Artal et al., 2004; Atchison, Guo, & Fisher, 2009; Atchison & Mathur, 2011; Ohlendorf, Tabernero, & Schaeffel, 2011) or to investigate how combinations of optical aberrations can be used to enhance visual perception (Applegate, Marsack, Ramos, & Sarver, 2003; de Gracia et al., 2010; Mon-Williams, Tresilian, Strang, Kochhar, & Wann, 1998) . In particular, spherical defocus results in a rotational-symmetric blur circle in the retina plane and leads to a deterioration of the visual performance (Bradley, Thomas, Kalaher, & Hoerres, 1991; Charman, 1979; Jansonius & Kooijman, 1998; Sehlapelo & Oduntan, 2007) . Although a change in the sign of the induced defocus would result physically in the same size of the blur circle, psychophysical measurements under polychromatic light conditions of human visual perception revealed an asymmetric reduction of visual acuity (Leube, Ohlendorf, & Wahl, 2016b; Radhakrishnan, Pardhan, Calver, & O'Leary, 2004b) and contrast sensitivity (Radhakrishnan, Pardhan, Calver, & O'Leary, 2004a) , depending on the sign of the optically imposed defocus.
One explanation for the observed differences could be the interaction of the induced spherical defocus with inherent higher order aberrations, where the distribution of light at the paraxial plane is not symmetric anymore and acts as a directional cue for the visual system (Guirao & Williams, 2003) . On the other hand, the chromaticity of visual stimuli together with the chromatic aberration of the human eye (Le Grand, 1964; Marcos, Burns, Moreno-Barriusop, & Navarro, 1999; Thibos, Bradley, Still, Zhang, & Howarth, 1990; Thibos, Ye, Zhang, & Bradley, 1992) was also discussed as a factor that allows the visual system to identify the sign of defocus (Ohlendorf & Schaeffel, 2009 ) and it was shown that this cue provides directional information for the accommodative system (Kruger, Nowbotsing, Aggarwala, & Mathews, 1995; Kruger & Pola, 1986; Lee, Stark, Cohen, & Kruger, 1999) .
Therefore, the first hypothesis of the current study was that under monochromatic light conditions, the sign of an induced spherical defocus has no influence on the reduction of the visual acuity.
Next to induce blur by the use of defocusing lenses (called observer method (Chan, Smith, & Jacobs, 1985) ), it is possible to deteriorate the displayed image itself by using Fourier optics and this is referred to the source method (Chan et al., 1985) . Simulations of blur and the comparison to lens induced blur were shown to result in good agreement investigating astigmatism (Δlog VA = 0.17 ± 0.05) (Dehnert, Bach, & Heinrich, 2011; Ohlendorf et al., 2011) and positive spherical defocus (ΔVA = 0.14 ± 0.04 log MAR) (Dehnert et al., 2011) .
The major difference between the observer and the source method is that the simulation (in case of the source method) results in a blurry image without inducing optical vergence at the same time. From accommodation theory it is known that blur perception is also driven by induced optical vergence (Fincham, 1951) and not blur alone (Del Águila-Carrasco et al., 2017; Esteve-Taboada et al., 2017; Kruger & Pola, 1986) . Therefore, the second hypothesis was that a symmetric reduction of visual acuity occurs, when tested under a blur-only condition (source method).
In brief, the purpose of the current study was to investigate the signdependent subjective sensitivity to spherical blur in (1) monochromatic light conditions and (2) under blur-and-vergence and blur-only conditions.
Methods
To assess the visual performance under monochromatic light conditions, high contrast visual acuity was measured in two experimental blur conditions: 1) lens induced blur (observer method) and 2) simulated blur (source method) (Chan et al., 1985) . Both blur conditions were designed with the same psychophysical setup and followed the same staircase procedure to measure the visual acuity.
Participants
A prospective, randomized study was carried out at the University Tuebingen enrolling 15 healthy participants (9 male and 6 female) with a mean age of 27.2 ± 3.4 years and a mean spherical equivalent refractive error of −2.98 ± 2.17 D (range from -0.25 D to −6.00 D). Inclusion criteria for participation were a refractive error of less than -0.25 D (range −0.25 D to −6.0 D), less than −2.00 D of astigmatism and best corrected visual acuity of 0.1 log MAR (6/7.5) or better. Participants with pre-existing ocular diseases were not allowed to take part in the study. All subjects were naïve to the purpose of the experiment. The study course was approved by the Ethics Commission of the Medical Faculty of the University of Tuebingen. The research followed the tenets of the Declaration of Helsinki. Informed consent was obtained from all subjects after explaining the nature and possible consequences of the participation in the study.
Study protocol
All participants were screened for ocular health by an ophthalmologist. Thereafter, participant's pupils were dilated and physiologic accommodation was inhibited by the administration of a total of 3 drops of a cycloplegic agent (1% cyclopentolate hydrochloride; Alcon Ophthalmika GmbH, Austria) in participant's dominant eye, 1 drop at a time in 10 min intervals. Prior to the study, the objective refraction and the pupil size were measured with an aberrometer (ZEISS i.Profiler plus, Carl Zeiss Vision GmbH, Aalen, Germany). The subjective refractive error was assessed using a trial frame (UB4, Oculus, Germany) and trial lenses with an artificial pupil of 4 mm diameter under photopic conditions (L = 250 cd/m 2 ). To control the emerged effect of the cycloplegic agent, push-up measurement (Chen & O'Leary, 1998) was performed before, in between and after the study measurements. Participants were given a training session prior to the visual acuity tests in order to familiarize them with the keypad and the staircase procedure. After the training, visual acuity was assessed under monochromatic conditions, using bandpass filters with central transmission wavelengths of 450 ± 2 nm (blue), 530 ± 2 nm (green) and 630 ± 2 nm (red) and a full half width maximum of 10 nm (Newport® Corporation). Luminance was set to 1 cd/m 2 in both methods (lens induced defocus or simulated defocus). To obtain the same luminous conditions for each filter, the luminance settings of the monitor were adjusted according to the specified transmission profile. Furthermore, spherical refractive errors were corrected for each filter separately, in order to account for changes in refraction due to chromatic aberration. The measurement sequences of the defocus level, the filter condition and the blur method (observer vs. source method) were completely randomized. All psychophysical measurements were performed with correction of refractive errors using a trial frame, on a distance between eye and display of 5.0 m and for a back-vertex-distance between trial frame and eye of 12 mm. The contrast of the stimulus was above 0.98. To investigate the effect of the sign of defocus, the induced spherical defocus ranged from +3.0 D to −3.0 D in 1.0 D steps. In case the observer method was applied, the induced blur was produced by trial lenses placed in a trial frame and using an artificial pupil of 4 mm diameter. To simulate the blur in the displayed image (source method), a Fourier optics approach similar to the algorithm from Legras, Chateau, and Charman (2004) was used and participants pupil size was controlled by using a 4 mm artificial pupil. The image of the Landolt C was converted to the frequency domain using Fourier transformation and multiplied by the calculated optical transfer function (Thibos, Applegate, Schwiegerling, & Webb, 2002) of the defocus in regards to the given wavelength and pupil diameter. Visual acuity was tested for both blur conditions and each defocus level according to a BestPEST (Bach, 1996; Kingdom & Prins, 2010) adaptive staircase procedure incorporating 24 trials per threshold estimation, a fixed slope of the psychometric function of 2.0 and high-contrast Landolt C's as standard optotypes in eight possible directions (guessing rate of 0.125). The displayed image size was corrected for spectacle magnification using a distance between the lens and the principal plane of the eye of h = 15 mm (Benjamin, 2006; Chan et al., 1985) . The visual acuity test was programmed in MATLAB (2016a, The MathWorks, Inc., Natick, USA) using the Palamedes toolbox (Kingdom & Prins, 2010 ) (Version: 1.8.2, 2016 and the Psychtoolbox (Kleiner et al., 2007) (Version: 3.0.13).
Analysis
To compare the reduction of visual acuity under different conditions, the slope of the regression line for visual acuity over defocus was analyzed. For the statistical analysis, repeated measurements analysis of variance was applied (IBM SPSS Statistics, IBM Corp., Armonk, NY), including the factors filter condition (blue, green and red), method (source and observer) and the sign of the induced defocus (positive and negative). Level of significance was set to α = 0.05.
Results

Chromatic change of refraction and residual accommodation
The spherical refractive error of the participant's eye was adjusted for each filter condition separately to ensure that the best focus position was similar for the three tested wavelengths. The refractive error was shifted by −1.07 ± 0.27 D for the 450 nm filter, −0.25 ± 0.16 D for the 530 nm and +0.22 ± 0.21 D in the 630 nm light condition. The average residual accommodation after cycloplegia was 0.48 ± 0.08 D and there was no significant change during the time course of the experiment (p > .05, t-test).
Reduction of visual acuity with spherical defocus
Comparing the non-defocused visual acuity under monochromatic conditions, visual acuity was significantly lower under the blue light condition (VA 450 = 0.22 ± 0.16 log MAR, p < .001, ANOVA, Bonferroni corrected) but not different (p = 0.49, ANVOA, Bonferroni corrected) for the green light condition (VA 530 = 0.00 ± 0.13 log MAR) and the red light condition (VA 630 = −0.09 ± 0.13 logMAR). A linear relationship between the logarithmic visual acuity and the induced spherical defocus was observed for real blur (R 2 ≥ 0.95) and simulated blur (R 2 ≥ 0.97), see Fig. 1 . In both blur conditions (the source and the observer method), the within-subjects difference in the reduction of visual acuity due to the induced spherical defocus was independent from the sign of defocus in all light conditions (observer method: F(2,28) = 0.301, p = 0.742; source method: F(2,28) = 1.284, p = 0.292). But when compared to blue light conditions, the reduction was steeper in red and green light condition for the observer method (see Table 1 ).
Comparison between real and simulated blur (observer vs. source method)
The reduction of visual acuity (the slope of linear regression) was significantly different between the methods in each filter condition (F (2,28) = 11.720, p < .001). Fig. 2 shows the agreement for the mean visual acuity between the observer method and the source method for all used defocus steps and the blue (a), green (b) and red (c) light conditions. The values for the analysis of the absolute differences, as reported in Table 2 , reveal an increase of difference between the two methods with higher levels of defocus for the red wavelength condition (positive induced defocus: r = 0.93, p = 0.07; negative induced defocus: r = 0.98, p = 0.02, Pearson), but not for the green and blue wavelengths. Furthermore, the blur simulation of the source method tends to underestimate the visual acuity, when negative spherical defocus is induced.
Discussion
The asymmetrical response of myopes to negative or positive induced spherical defocus on visual acuity and contrast sensitivity was reported previously (Leube, Ohlendorf, & Wahl, 2016b; Radhakrishnan et al., 2004a Radhakrishnan et al., , 2004b , but the stimuli that were used in these studies were polychromatic. Chromatic aberration of the eye causes a shift of the best corrected refractive error for shorter wavelengths, compared to longer wavelengths of around 1.30 D between 450 nm and 630 nm, this result is comparable to previously published data (Marcos et al., 1999; Thibos et al., 1992) . This information could be used by the visual system as a directional cue for the identification of the sign of defocus, in case polychromatic stimuli are used (Ohlendorf & Schaeffel, 2009 ). The results of the current study showed no asymmetry in the reduction of visual acuity between positive and negative induced spherical defocus in monochromatic light conditions, it is possible that the identification of the sign of the defocus by the visual system fails under these conditions. Furthermore, even if the effect of the induced optical vergence is suppressed by the use of the source method, the reduction in visual acuity is perfectly symmetric for monochromatic stimuli between positive and negative defocus. No influence on the effect of monochromatic blur on visual acuity could be found in the presences or absence of light vergence. Therefore, the results of the current study suggest that previously reported asymmetry in visual response (Leube et al., 2016b; Radhakrishnan et al., 2004a Radhakrishnan et al., , 2004b originates from an functional integration over monochromatic light channels and that the chromaticity act as directional cues to determine the sign of defocus. Since the visual acuity seems to be unaffected by the absence of the light vergence it is suggested that the high spatial frequency channels have no input from light vergence for the detection of the sign of defocus, or in any case, its input does not affect VA. Further investigations will have to show if the results are valid also for low-frequency channels in the visual system, as it is known that accommodation responds best to light vergence at intermediate spatial frequencies of around 3-5 cycles per degree (Mathews & Kruger, 1994) .
The question raises whether this discrimination of the defocus sign takes place already at the retinal level or whether higher cortical levels of the visual system are sensitive to the sign of defocus. Previous studies have shown that the asymmetry between positive and negative induced defocus occurs monocularly and therefore have to be determined on the Fig. 1 . Reduction of visual acuity due to spherical defocus in monochromatic light conditions. A. Leube et al. Vision Research 143 (2018) 52-57 retinal level (Ohlendorf & Schaeffel, 2009) . By adjusting the image size during the visual acuity measurements, we ensured a constant retinal image throughout all defocus levels. Therefore we can exclude differences in visual processing throughout changing of receptive field sizes and assume a retinal mechanism of detection. However, in chicken it was shown that the detection of the sign of defocus is not based on the retinal image size estimations (Curry, Sivak, Callender, & Irving, 1999; Schmid, Strang, & Wildsoet, 1999) .
Depth of focus, luminance and higher order aberrations
With the use of a cycloplegic agent, we could exclude accommodation as a confounding factor that could influence our results. However, the measured residual accommodation, assessed by the pushup method (Chen & O'Leary, 1998) , represents the combined effect of residual accommodation and the natural depth of focus of the eye that can range between 0.4 and 2.0 D for a 4 mm pupil size (Leube, Ohlendorf, & Wahl, 2016a) . Compared to Radhakrishnan et al. (2004b) , the observed residual accommodation in our study was higher, probably because the size of the artificial pupil was smaller and therefore the depth of focus was larger. To further account for the influence of the depth of focus, future studies will need to assess the sign-dependent response under monochromatic light conditions in different pupil sizes. In addition, using smaller increments of induced defocus, especially between induced defocus of 0 D and 2 D should be investigated. The step size of 1 D, used in this study, was chosen due to the high number of investigated parameters in order to reduce measurement time.
The design of the current study involved the same luminance settings for all three wavelength conditions. The definition of luminance including the luminous flux that give a measure of physical electromagnetic radiation weighted by the luminosity function of the eye (Wyszecki & Stiles, 2000) and the narrow bandwidth of FHWM = 10 nm of the used filter limited the light level to 1 cd/m 2 . Since the luminance was constant throughout the different wavelength conditions, any effect of the luminance on the observed results can be ruled out. Johnson and Casson (1995) revealed a linear relationship between background luminance and visual acuity and it can be assumed that the reported results are also valid for photopic light levels.
Lower order aberration, like spherical defocus and astigmatism, were corrected using trial lenses. Nevertheless, the eye's optic might additionally be affected by higher order aberrations like coma or spherical aberration (Hartwig & Atchison, 2012; He, Burns, & Marcos, 2000; Villegas, Alcon, & Artal, 2008) . Jansonius and Kooijman (1998) showed that the interaction between a higher amount of spherical aberration and the induced spherical defocus could lead to a shift in optimum focus and Radhakrishnan et al. (2004b) concluded that this explains the phenomena of asymmetry in visual acuity of positive and negative induced defocus. In our study cohort, the root-mean-square (RMS) value of higher order aberration (RMS HOA = 0.08 ± 0.03 µm) was small compared to other studies (Francisco Castejón-Mochón, López-Gil, Benito, & Artal, 2002; Hashemi et al., 2015) and therefore highly unlikely to have influenced the results. However, a mutual interaction would have affected both of the used blur conditions in the same manner and the blur-only condition (source method) showed a symmetric reduction of the visual acuity. Therefore, any interaction of HOA with the induced defocus can be omitted.
Simulating optical blur and degrade images by using a Fourier approach was shown to agree with lens induced blur since positive lenses are used (Dehnert et al., 2011; Ohlendorf et al., 2011) . Legras et al. (2004) developed a numerical model that incorporates the inverse individual higher order aberrations of the eye to simulate the impact of the spherical defocus alone. In the current study design, image simulations were performed in the frequency domain by Fourier transform for pure defocus effects. Because the observer method (blur + optical vergence) involved interaction between inherent higher order aberrations and the induced defocus, the displayed image from the source method (blur alone) was calculated from spherical alone. The retinal image would be the result from the displayed image further degraded by the higher order aberrations of individual's eye in the same manner as it is true for the observer method.
The chromatic dispersion of the refractive media in the eye leads, next to an axial shift in refraction, additionally to differences in Fig. 2 . Comparison of mean visual acuity ± SEM obtained with source (ordinate) and observer (abscissa) method in blue (a), green (b) and red (c) light conditions. The dashed bisecting reference line corresponds to perfect agreement. Table 2 Mean absolute difference between the real and simulated blur condition ± SEM for all defocus levels (D) and wavelengths (nm).
Wavelength, nm
Defocus level, D A. Leube et al. Vision Research 143 (2018) 52-57 chromatic magnification for extended objects. In a first approximation, this difference in magnification ΔMag is proportional to the difference in refraction R Δ x (Thibos, Bradley, & Zhang, 1991) and lead to differences in retinal stimulus size. However, the individual chromatic magnification factors in the current study were small (< 2.0%) and do not explain the lower values for the blue light condition. Pokorny, Graham, and Lanson (1968) found worse grating acuity in blue light compared to green and red gratings and addressed this difference to physiological factors, like the blue and green mechanism (Stiles, 1946) and the higher neural convergence in blue receptors (Brindley, 1954) . However, other studies (Hartridge, 1946; Roaf, 1930) could not found difference in monochromatic blue light conditions but used broadband filters to restrict the light spectrum.
Implications for the emmetropization of the eye
The reported findings have possible implications for the understanding of the emmetropization of the eye. Wildsoet, Howland, Falconer, and Dick (1993) concluded from chicken experiments that the chromatic aberration is not fundamental for the emmetropization process of the chicken eye, but may be essential for fine tuning the refraction. Later, Seidemann and Schaeffel (2002) reported on shifts in accommodation tonus in humans and chicken since quasi-monochromatic illumination conditions are used and they concluded that several cone types contribute to the process of emmetropization. Our findings support these conclusions by showing that the identification of the sign of defocus is triggered by the chromaticity of the light and the chromatic aberration of the eye.
Conclusion
Symmetric response of visual acuity to positive and negative induced spherical defocus was observed under monochromatic lighting conditions. Chromatic aberration of the eye show asymmetric shift of refraction in best corrected vision for short-, medium-and long wavelength monochromatic light. Since previous studies have found an asymmetry under polychromatic conditions in a visual acuity task, we conclude that the visual system uses the chromaticity of light and the chromatic aberration of the eye's optics to identify the sign of defocus, but not the presence of light vergence. The current findings may additionally give some further insights into the emmetropization of the eye and the development of myopia.
